There is a growing interest in applying tobacco agroinfiltration for recombinant protein production in a plant based system. However, in such a system, the action of proteases might compromise recombinant protein production. Protease sensitivity of model recombinant footand-mouth disease (FMD) virus P1-polyprotein (P1) and VP1 (viral capsid protein 1) as well as E. coli glutathione reductase (GOR) were investigated. Recombinant VP1 was more severely degraded when treated with the serine protease trypsin than when treated with the cysteine protease papain. Cathepsin L-and B-like as well as legumain proteolytic activities were elevated in agroinfiltrated tobacco tissues and recombinant VP1 was degraded when incubated with such a protease-containing tobacco extract. In silico analysis revealed potential protease cleavage sites within the P1, VP1 and GOR sequences. The interaction 1 modelling of the single VP1 protein with the proteases papain and trypsin showed greater proximity to proteolytic active sites compared to modelling with the entire P1-polyprotein fusion complex. Several plant transcripts with differential expression were detected 24 hr post-agroinfiltration when the RNA-seq technology was applied to identify changed protease transcripts using the recently available tobacco draft genome. Three candidate genes were identified coding for proteases which included the Responsive-to-Desiccation-21 (RD21) gene and genes for coding vacuolar processing enzymes 1a (NbVPE1a) and 1b (NbVPE1b).
Introduction
In 2014, an experimental drug, called "ZMapp", was used to treat two medical workers who had contracted the deadly Ebola virus. The unique characteristic of ZMapp is that its constituents have been produced in Nicotiana benthamiana plants. 1 N. benthamiana is a model plant species widely used for the transient expression of proteins. Tobacco is sometimes compared to the role that the white mouse has played in mammalian studies. [2] [3] [4] [5] The N. benthamiana genome sequence has further potential to be useful for gene mining, construct design, and for the assessment of target and non-target gene silencing. 2 A future prospect is also applying RNA-Seq data to fully annotate the tobacco genome and characterize the transcriptome. 2 The large leaves of N. benthamiana and its susceptibility to a variety of pathogens have been harnessed as a means to transiently express proteins, using either engineered viruses or Agrobacterium tumefaciens. 6 Due to a lower content of secondary compounds interfering in the protein purification process, N. benthamiana has been previously applied as a model plant species for heterologous protein expression. 7 It has also been included as a tool in platforms for the production of recombinant proteins for comparative analyses. 8 Due to proteolysis caused by protease action, plant-expressed recombinant proteins can possibly undergo either complete or partial proteolytic degradation. [9] [10] [11] Such degradation can ultimately result in proteins with altered biological activity or no protein production at all. 12, 13 The identification of such proteases involved, particularly in Nicotiana species, has therefore been the subject of several recent investigations. The majority of protease families, which might compromise recombinant protein production in Nicotiana species, belong to the aspartic and cysteine protease (papain-like) families and, to a lesser extent, the serine and metallo-protease families. 14, 15 There is further evidence that such recombinant protein degradation might occur during the extraction process ex vivo as a result of proteases being released during the tissue disruption process. 16 However, almost all protease families have also been associated with plant senescence.
(BSA), human serum immunoglobulins G (hIgGs), anti-HIV antibodies (2F5) as well as human protease inhibitor, α1-antitrypsin. 13, 20, 21 However, there is a lack of detailed information on whether induction of plant-derived proteases is among the host responses to agroinfiltration. 22 Therefore, the identification of proteases induced by agroinfiltration might be a key step in the improvement of recombinant protein production when applying the agroinfiltration technique.
The purpose of this study was to investigate protease-sensitivity of various model recombinant proteins with the aim to first establish any protease sensitivity and secondly to identify possible proteases expressed as a consequence of the agroinfiltration process. We specifically hypothesized that cysteine proteases are among these expressed proteases following agroinfiltration based on a previous finding in our group that recombinant E. coli glutathione reductase (GOR) was more stable in agroinfiltrated tobacco leaves engineered with a rice cysteine protease inhibitor (OC-I). 23 In our study, we determined the inherent vulnerabilities of recombinant model proteins derived from the foot-and-mouth disease virus (FMDV) which are the VP1 and P1-polyprotein (P1) as well as Escherichia coli (E. coli)-derived glutathione reductase (GOR) proteins towards proteolysis. We also applied protein modelling to investigate how interacting residues within VP1 would interact with a cysteine and serine protease (papain and trypsin) either individually or as part of a P1-polyprotein to obtain more information on VP1 stability against protease action. Finally by applying transcriptomic profiling using RNA-Seq, N. benthamiana leaves were screened for the transcription of proteases due to agroinfiltration. We found that the recombinant model proteins used were sensitive to cysteine and serine protease degradation and that expression of several types of proteases, including cysteine proteases, increased due to the agroinfiltration of tobacco leaves. 
Results

Protease sensitivity of model recombinant proteins
Since VP1 was used in the study as one of the model recombinant proteins, the VP1 protein was first treated with either a cysteine (papain) or serine (trypsin) protease to determine VP1 sensitivity to protease treatment ( Figure 2 ). Both proteases degraded VP1 when determined by SDS-PAGE analysis, but with more severe VP1 degradation occurring when treated with 
Protease cleavage sites
In a second step we investigated in vitro if model recombinant proteins VP1, GOR as well as P1-polyprotein (VP2 -4) have proteolytic cleavage sites (Table 1) . Subsite nomenclature was assumed from a model created by Berger (1967, 1968) where the amino acid residues in a substrate undergoing proteolytic cleavage are designated P1, P2, P3, P4, etc., in the N-terminal direction from the cleaved bond. VP1 was particularly susceptible to papain cleavage with three papain amino acid sites (C 25 , H 159 , N 175 ) involved in the interaction.
When amino acid T (threonine) was used in the P1 substrate position, 62 cleavage sites were found in the polyprotein (Table 1 , highlighted in yellow). Within the GOR sequence, 34
cleavage sites were found when amino acid G (glycine) was used in the P1 substrate position (Table 1 , highlighted in yellow). Cleavages sites with amino acid W (tryptophan) in the P1 To further determine VP1 susceptibility to papain, or trypsin action, ZDOCK protein modelling was then applied between VP1 and the two proteases and the distances (in Ångstroms) between interacting VP1 and protease residues (VP1 cleavage site R 67 for papain and VP1 cleavage site R 26 for trypsin) were determined. The distance in Ångstroms (Å) decreased when VP1 was not modelled together with the additional capsid proteins (VP2, VP3 and VP4) indicating higher VP1 sensitivity to protease action ( Figure 4 , bottom panels).
In contrast, when all other binding sites for VP2, VP3 and VP4 within the P1-polyprotein were permitted in the interaction model with the protease, the distance increased with a weaker VP1-protease interaction and better stability of VP1 (Figure 4 , top panels). 
Transcriptome analysis of agroinfiltrated tobacco leaves
Since we found no significant statistical differences in proteolytic activities between experimental (LBA, P1, GOR) and control (UN & MMA) groups when various cysteine protease activities (cathepsin L and H, legumain proteolytic activities) were measured with fluorogenic substrates 24 hr post infection (pi) (Figure 5 ), possible expression of proteases due to agroinfiltration was also investigated using RNA-seq analysis. When a limit of at least two-times higher protease expression in agroinfiltrated tissues based on FPKM (fragments per kilobase of transcript per million mapped reads) values was set, the most expressed proteases were cysteine proteases (7 proteases) belonging to 3 different cysteine protease families (C1, C13 and C14) ( Figure 6 , Table 2 ) with most cysteine proteases belonging to the C1 family of cysteine proteases (4 proteases). Further, other proteases expressed as a consequence of agroinfiltration belonged to metallo-proteases (2 proteases) in 2 families (M38 and M67), aspartic proteases (2 proteases) in 2 families (A1 and A22) and threonine proteases (1 protease) in 1 family (T1) ( Table 2) . In comparison to all other proteases, the cysteine protease RD21 (XM_009614860.1) was the highest expressed cysteine protease.
Agroinfiltration increased expression of this cysteine protease about 4-times ( Table 2 ). The protease most induced was NbVPE-1b, a vacuolar processing enzyme, belonging to the C13 cysteine protease family (Table 2 ). This protease was expressed about 95-times higher (based on FPKM-values) in agroinfiltrated leaves than in non-infiltrated leaves. Such a high expression was also found when tobacco leaves were infiltrated with a construct to produce the P1-polyprotein (75-times) and with a construct for GOR production (92-times). For all other identified proteases belonging to different classes, expressions in non-treated leaves were much lower compared to agroinfiltration-induced expression which was in the range of PAD2, PROTEASOME ALPHA SUBUNIT D2 † Clan PB contains endopeptidases and self-processing proteins ‡ For families C represents cysteine, M metallo, A aspartic, and T threonine § Increase in expression measured as fold increase of FPKM in brackets 2-30-times more. This increase was irrespective of infiltration with Agrobacterium alone or with a construct allowing P1-polyprotein or GOR expression.
Protease reverse transcription quantitative real-time PCR (RT-qPCR)
RT-qPCR was carried out to confirm the RNA-Seq data. Three sequences coding for cysteine protease-like proteins (RD21, NbVPE-1a and NbVPE-1b) were selected for confirmation.
Significantly elevated gene expression was found in all experimental groups (LBA, P1 and GOR) relative to the control (UN), which was set at 1 (Figure 7 ), in general accordance with the RNA-Seq data as shown by the line graphs of the three respective genes. There were statistically significant differences (p < 0.05) between the expression levels of the different genes assayed for (RD21, NbVPE-1a, NbVPE-1a). The highest fold increase due to agroinfiltration was also found for, NbVPE-1b, comparable to the RNA-Seq result. The discrepancy between the RNAseq and RT-qPCR data for NbVPE-1b can be accounted for by the reduced coverage within the RNA-seq datasets compared to the RT-qPCR data. 
Discussion
The effect of proteases on recombinant protein stability in plant-based expression systems is a field of growing interest. Results in this study have clearly demonstrated that three selected recombinant proteins (P1-polyprotein, VP1 and GOR) are sensitive to protease action. Such action has also been recently associated with lower antigenicity when heterologous proteins were expressed in a plant host. 13, 21 Sensitivity of VP1 against proteases was further confirmed when treated with a protease-containing tobacco extract and when in silico proteolytic site analysis was carried out. In particular, cathepsin H-like cysteine proteases might play a major role in VP1 degradation. Our study also provided evidence that proteins, like VP1, are less susceptible to protease degradation when part of a polyprotein. 24 Such greater VP1 stability and better processing when expressed in tobacco as a P1-polyprotein, has previously been found. 25 Less protease sensitivity was also identified in our protein docking experiments when the distance between interacting residues of VP1 and proteases increased as a result of being part of a polyprotein.
Besides establishing protease sensitivity of model recombinant proteins, sequencing of RNA (RNA-Seq) was applied in our study as a powerful technique to identify any possible proteases expressed during the agroinfiltration process which might compromise recombinant protein production. RNA-Seq was conceived about ten years ago and has become a preferred technology for transcriptome and gene analysis with a number of advantages. 26, 27 RNA-Seq is not dependent on sequence knowledge being available a priori and provides a direct measure of RNA abundance. The technology, although powerful, still has the problem of introducing a certain degree of bias due to the sequencing of pooled samples. Rigorous post-sequencing bioinformatics data analysis, as done in our study, is therefore required as well as a final validation of determined gene expression via alternative methods such as RT-qPCR (reverse transcription quantitative real-time PCR). However, a problem faced in our study, when working with tobacco, was mismatches between gene identifiers and existing gene annotations rendering the annotation process an arduous and challenging task.
By performing RNA-seq analyses, we were able to obtain a transcriptomic profile for proteases in operation during the early stages of agroinfiltration. Members of the C1 and C13
cysteine protease families were more expressed in agroinfiltrated leaves. This result supports our original hypothesis that proteases and, in particular, cysteine proteases are expressed during agroinfiltration. This is consistent with previous findings that C1 proteases are specifically up-regulated in response to pathogenic microbes. 19, 28 Studies have also shown that C1 family RD21-like cysteine proteases, XM_009614860.1 in our study, are important components of plant immunity. 29, 30 These proteases are also induced in senescing leaves in conjunction with the induction of vacuolar processing enzymes (VPEs). 31 Endogenous cysteine protease inhibitors might further be possible interaction partners of RD21-like proteases to prevent RD21 activity. Our previous finding of better stability of a recombinant protein (GOR) produced via agroinfiltration in tobacco leaves engineered with the rice cysteine proteases inhibitor OC-I supports the idea that RD21-like proteases might have been inhibited by OC-I expression in a transgenic tobacco leaf resulting in better GOR production.
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A further C1 cysteine protease (ALP; XM_009594290.1) with aleurain-like activity was found to be expressed 4-times more. Plant aleurain, first isolated from barley and localized in the vacuole, is an amino-peptidase with a number of similarities to animal cathepsin H. These similarities include heterogeneity of charge forms, position of the NH 2 -terminus of the mature protein, and a similar pH-activity profile. 32 Several cleavage sites were found in this study for cathepsin H-like proteases in our model recombinant proteins possibly compromising their stability. N. tabacum contains cathepsin H-like proteases, such as NtCP-23 and NtCP1, with higher expression during natural senescence. 23, 33, 34 The most prominent cysteine proteases induced in our study by agroinfiltration were two VPEs in the degradation of this antibody. 21 Such degradation might also be relevant for VP1 degradation in our study. VPE cleavage sites were identified in in silico cleavage analyses of VP1 and P1-polyprotein as well as that of GOR. Vegetative-type VPEs are generally expressed during senescence or the pathogen-induced hypersensitive response (HR). 35 VPEs belong to the CD clan of cysteine proteases and within the clade they form part of the C13 family. 36 VPEs contribute to the senescence process and PCD (programmed cell death) by participating in the collapse of the vacuole membrane with the release of proteases into the cell. 37 VPEs are asparaginyl endopeptidases cleaving peptide bonds on the C-terminal side of asparagine (Asn) and aspartic (Asp) residues of pro-protein precursors to generate mature proteins. 38 They occur along the secretory pathway and are located in the vacuole, except for a single cell wall specific VPE. 15, 39 Although VPEs have caspase-1 activity, they are structurally unrelated to caspases. Plants have evolved their own unique alternative regulated cellular suicide strategy that differs from animals with VPEs located in the vacuole as opposed to the cytosol. 40 In our study, other possible protease candidates were also identified which might compromise recombinant protein production. This included the C1 cysteine proteases XM_009798142.1, a xylem cysteine peptidase 2 (XCP2) as well XM_009772991.1, a xylem bark cysteine peptidase 3 (XBCP3). Both proteases are involved in various cellular proteolytic processes.
Their expression and induction was, however, not comparable to XM_009614860.1 (RD21) and any importance of these two proteases in recombinant protein degradation has yet to be determined. Also the expression of a metacaspase-1 (XM_009795875.1), involved in apoptosis, was identified in our study, as well as various aspartic, threonine and metalloproteases. Serine and metallo-proteases have been already found in extracellular root and plant cell culture media. Lallemand et al. (2015) recently proposed that they are prime candidates in compromising protein stability. Since serine-or metallo-proteases were not strongly expressed in our study following agroinfiltration, their importance in compromising recombinant protein stability requires more detailed investigation.
Overall, our study has provided a more detailed insight of protease sensitivity of recombinant proteins, in particular, against cysteine proteases. Through, transcriptomic profiling and gene expression analysis, further evidence was provided that several cysteine proteases including proteases with RD21-like and aleurain-like activity as well as VPEs are up-regulated during the early stages of agroinfiltration and might compromise recombinant protein production.
However, the identified proteases still require more detailed analyses to confirm their direct involvement in recombinant protein degradation. Ultimately, characterization of identified proteases might also contribute towards establishing a protease library to be screened before any recombinant protein production is envisaged via agroinfiltration.
Methods
Plant material and growth conditions
N. benthamiana seeds were obtained from Dr Ereck Chakauya (CSIR, Pretoria, South Africa) and were germinated in plastic trays in germination mix. Seedlings were grown at a 12/12
hours light/dark cycle with a day/night temperature of 26ºC/20ºC and 80% (v/v) relative humidity in a growth chamber (Sanyo, Bensenville, USA). Plants were grown for 12 weeks in order to obtain fully expanded leaves suitable for agroinfiltration.
VP1 expression and purification
Recombinant N-terminal His-tagged VP1 was expressed in E. coli M15 cells with bacteria grown in LB medium containing 100 µg mL -1 ampicillin, at 37°C up to a cell mass of 0.5 (OD 600 ). 41 Expression was induced with 1 mM IPTG for 5 h at 37°C and cells were harvested by centrifugation and stored at -20°C until use. All purification procedures were carried out as previously described with a purification column (Bio-Rad, CA, USA) and elution with imidazole.
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Protein extraction
Whole leaf proteins were extracted in ice-cold Arakawa buffer containing 10 mM L-cysteine, 200 mM Tris-HCl, pH 8.0, 100 mM NaCl, 400 mM Sucrose, 10 mM EDTA, 14 mM 2-Mercaptoethanol, 0.05% Tween-20. 43 Total soluble protein (TSP) amount was determined with a commercial protein determination kit and standardized across samples within experiments (Bio-Rad, Hercules, CA).
VP1 treatment
Varying amounts (0.5, 0.4, 0.3, and 0.2 µg) of either the cysteine protease, papain (SigmaAldrich, Germany) or the serine protease, trypsin (Sigma-Aldrich, Germany) were added to 44 µg of purified VP1 protein in 20 µL sodium phosphate buffer (pH 6.0) and incubated for 5 min at 37°C. Tobacco extracts (230 µg total protein) were added to 15 µg of purified VP1
protein and incubated first for 2 hr at 25°C and then for 2 hr at 37°C.
SDS-PAGE and immunoblotting
Protein samples were boiled at 95°C for 5 min in a 4x SDS-containing reducing sample buffer. VP1 stability against proteases was fractionated on a 15% SDS-PAGE gel under reducing conditions with a Mini-PROTEAN® Electrophoresis System (Bio-Rad, Hercules, CA). 44 Western-blotting was carried out with a 0. 
In silico proteolytic cleavage analyses
Proteolytic cleavage assays were conducted in silico with CLC Main Workbench 6.6.1 54 Substrate specificity profiling was determined using guidelines as previously described. 47 Protein modelling was conducted between VP1
and papain as well as trypsin, by applying ZDOCK (http://zdock.umassmed.edu/). 55, 56 Both the unblocked and blocked settings were used on binding sites within the other P1-polyprotein chains (VP2, VP3 and VP4) when conducting the modelling. Blocking binding sites in the other chains were conducted to simulate an interaction with only VP1 and the respective proteases. Models were visualized in 3D-Mol Viewer (a component of Vector NTI 9.1.0, Invitrogen) and distances between interacting residues were measured using the measure distance tool. The setting structure was used as the colour theme. VP2 -4 were hidden from selections to highlight the interaction between VP1 and the protease. Distances were measured in the measure distance mode in Ångstroms (Å) between defined molecules in amino acids.
Agroinfiltration
Syringe agroinfiltration was used to infiltrate the tobacco leaf surface. 7 Cultures were maintained in lysogeny broth (LB) medium supplemented with 50 µg mL -1 kanamycin and 50 µg mL -1 rifampicin. For agroinfiltration, bacteria were grown to the stable phase at 28°C to an 
RNA-seq and mapping
A transcriptomic library was constructed from paired end reads of ~90 bp in size which were generated from the HiSeq 2000 sequencing system (Illumina ® sequencing, San Diego, USA)
at the Beijing Genomics Institute (BGI Tech Solutions Co., Ltd, Hong Kong, China). Galaxy (Department of Bioinformatics, University of Pretoria), a platform for working with sequencing data, was applied to visualize, interpret, and conduct further analyses on the data generated. [58] [59] [60] As part of the filtering process, reads with adaptors, unknown nucleotides larger than 5% and with low quality (more than 20% of the bases' qualities are less than 10 in a read) were removed (BGI Tech Solutions Co., Ltd, Hong Kong, China). The FastQC tool was applied to perform QC checks on the data (Supplementary Figure 1 ). The FastQ groomer was then used to convert the data into a format amenable for subsequent interpretation. and extension at the abovementioned ranges for 30 sec, denaturation at 95°C for 10 sec. Melt curve analyses were performed thereafter from 65°C to 95°C with 0.5 increments. Fold changes in gene expression were determined with the Livak method. 72 For comparative purposes, relative gene expression was defined with the value of 1 in control plants.
Statistical analysis
Statistically significant changes in gene expression between control and experimental groups were determined using ANOVA: single/two-factor with replication (p-value < 0.05) applying
Microsoft Excel software 2010 version 14 (Microsoft Corporation). Bonferroni corrected post-hoc t-tests (p-value < 0.05) were subsequently performed.
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